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Neutrino physics is an experimentally driven field. So, we investigate the different detection
techniques available in the literature and study the various neutrino oscillation experiments in a
chronological manner. Our primary focus is on the construction and detection mechanisms of each
experiment. Today, we know a lot about this mysterious ghostly particle by performing different
experiments at different times with different neutrino sources viz. solar, atmospheric, reactor, accel-
erators and high energy astrophysical; and they have contributed in the determination of neutrino
parameters. Yet the problems are far from over. We need to determine more precise values of the
already known parameters and unravel the completely unknown parameters. Some of the unknowns
are absolute masses of neutrino, types of neutrino, mass hierarchy, octant degeneracy and existence
of leptonic CP Phase(s). We analyse the neutrino experiments into the past, present and the fu-
ture (or proposed). We include SNO, Kamiokande, K2K, MINOS, MINOS+, Chooz, NEMO and
ICARUS in the past; while Borexino, Double Chooz, Super-K, T2K, IceCube, KamLAND, NOνA,
RENO and Daya Bay in the present; and SNO+, Hyper-K, T2HK, JUNO, RENO-50, INO, DUNE,
SuperNEMO, KM3NeT, P2O, LBNO and PINGU in the proposed experiments. We also discuss
the necessities of upgrading the present ones to those of the proposed ones thereby summarizing
the potentials of the future experiments. We conclude this paper with the current status of the
neutrinos.
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21. INTRODUCTION
Wolfgang Pauli, after postulating the existence of the neutrino – a particle with no net
charge and no mass, remarked during a visit to California Institute of Technology[1]:
I have done a terrible thing: I have postulated a particle that cannot be detected.
Pauli was, however, proved wrong with the result of first-ever direct detection of electron
anti-neutrino(ν¯e) by Clyde L. Cowan et al.[2] in 1956 from the Savannah river reactor plant
in South Carolina. In other words, this discovery validated Pauli’s idea[3] of this new par-
ticle was assumed in 1930 as a desperate remedy to explain the discrepancy in the beta
decay spectrum. Thereafter, the physics community in various corners of the world started
conducting underground (in old mines, excavated beneath the mountains), under water (on
seabed) and under ice experiments and a good number of experiments have been upgraded
from time to time to understand better about this elusive particle. The other two active
neutrinos viz. muon neutrino(νµ) and tau neutrino(ντ ) were directly observed in 1962[4]
and 2000[5], respectively. Since then, the development in this field has been exponential.
Now, we know that neutrino carries a very tiny but a non-zero mass. All the existing exper-
iments detecting the neutrinos from natural sources (solar, atmospheric and astrophysical)
and man-made sources (reactor and accelerator-based)(Figure 1) are based on one of the de-
tection techniques viz. radiochemical methods, Cherenkov method (water, ice), scintillation
technique (solid, liquid), tracking calorimeter, nuclear emulsions and liquid argon(LAr).
The three known neutrino flavour states (νe, νµ, ντ ) are expressed as quantum superposi-
tions of three massive states νk (k = 1, 2, 3) with different masses mk with a 3×3 unitary
mixing matrix Uαk(α = e, µ, τ), known as PMNS (Pontecorvo-Maki-Nakagawa-Sakata) ma-
trix UPMNS [6, 7], given by
UPMNS = Uαk =
Ue1 Ue2 Ue3Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

The UPMNS matrix can be decomposed as:
Solar︷ ︸︸ ︷ cos θ12 sin θ12 0− sin θ12 cos θ12 0
0 0 1

Reactor︷ ︸︸ ︷ cos θ13 0 sin θ13e−iδCP0 1 0
− sin θ13e−iδCP 0 cos θ13

Atmospheric︷ ︸︸ ︷1 0 00 cos θ23 sin θ23
0 − sin θ23 cos θ23
 ·M
︸ ︷︷ ︸
UPMNS
(1)
and characterized by three non-zero angles θkl ∈ [0, pi2 ] and a charge-parity violating phase
δCP ∈ [0, 2pi]. The matrix M has a value of detM = 1 for the Dirac neutrinos and M =
diag(1, eiα2 , eiα3) for Majorana neutrinos[7]. The mixing angles θkl are associated with solar,
atmospheric and reactor neutrinos given by θ12, θ23 and θ13 respectively, the mass-squared
differences i.e. the mass splitting terms being ∆m221, ∆m
2
32 and ∆m
2
31 with ∆m
2
kl = m
2
k−m2l .
The mass splitting terms can be expressed as:
∆m221 = m
2
2 −m21, ∆m23n = m23 −
(m22 +m
2
1)
2
(2)
such that, ∆m221 > 0 and ∆m
2
3n ≡ ∆m231 > 0 is positive for Normal Mass Hierarchy (NH)
and ∆m23n ≡ ∆m232 < 0 is negative for Inverted Mass Hierarchy (IH) for the neutrino mass
3spectrum[8].
The measurements and development in the precision of these parameters can guide the
physicists in understanding a few properties of neutrino which include mass ordering of
the three neutrino flavours νe, νµ and ντ associated with the three leptons e
−, µ− and τ−
respectively, and CP violating phase δCP which can probe the dominance of matter over
anti-matter in the universe.
The outline of the paper is as follows: Section 2 describes the detection mechanisms of neu-
trino in a brief and concise manner followed by the names of the experiments which exploit
these techniques. The paper emphasizes on different neutrino experiments in a chronological
pattern : past, present and future in Section 3. The section also explains the construc-
tion & detection mechanisms and results & scopes of the particular experiments included
in this paper. In Section 4, we give a picture of the current status on neutrino mentioning
about the measured and less known parameters those are dealt by these experiments. We
also study the limits on absolute neutrino masses. Section 5 contains the summary of the
overall descriptions of the paper.
FIGURE 1: Natural and artificial sources of neutrino in a nutshell[9].
2. NEUTRINO DETECTION TECHNIQUES
2.1. Radiochemical Method
Inverse Beta Decay (IBD) is the principle used in the radiochemical method of neutrino
detection.
νe +
A
ZX −→ e− + AZ+1Y (3)
4In this process, when a neutrino is absorbed in the target of the detection medium, the target
is converted into a radioactive element whose decay is further studied and counted. The
technique was exploited by the famous Homestake experiment[10, 11], GALLEX[12], GNO
and SAGE[13] experiments to detect low energy solar neutrinos. The reactions employed in
the above experiments are:
a. HOMESTAKE-Cl
νe +
37
17Cl(target)
0.814 MeV−−−−−−−→
Q-value
e− + 3718Ar
b. GALLEX/GNO/SAGE
νe +
71
31Ga(target)
233 keV−−−−−→
Q-value
e− + 7132Ge
The advantage of Gallium target of GALLEX/GNO/SAGE over chlorine target of Home-
FIGURE 2: Solar Standard model (SSM). The figure shows the energy spectra of neutrino
fluxes from the pp and CNO chains. For continuous sources, the differential flux is in
cm−2s−1MeV −1. For the lines, the flux is in cm−2s−1[14].
stake is that with lower threshold i.e. Q-value, it is possible to detect neutrinos from the
initial proton fusion chain(Figure 2).
2.2. Cherenkov method
The Cherenkov detection technique[15] has been employed in order to investigate neu-
trinos for a large range of low to high energies. When a charged particle, say an electron,
traverses in a medium (for example, ordinary water(H2O) for Super-Kamiokande and heavy
water(D2O) in SNO) of refractive index n, polarisation of atoms takes place in the medium
resulting in dipole radiation[16].
5FIGURE 3: Cherenkov radiation[16].
a. If such a particle moves slowly through the medium i.e. v < cn , the radiation
from the excited dipoles is emitted symmetrically around the path and sum of all dipoles
vanishes[17].
b. And if the particle moves with a velocity greater than the local phase velocity of
light i.e. v > cn , the dipole distribution is asymmetric. As a result, the sum of all dipoles is
non-zero and leads to emission of electromagnetic waves or radiation in the form of a cone
known as Cherenkov cone or Cherenkov radiation, named after the Soviet physicist
Pavel Alekseyevich Cherenkov. He shared the Nobel Prize in physics in 1958 with I. Frank
anf Igor Tamm for the discovery of Cherenkov radiation, made in 1934.
The Cherenkov radiation angle(Figure 3) between the cherenkov photons and the track of
particle is given by:
cos θ =
1
βn
where, β =
v
c
(4)
v being the velocity of the particle and c, the speed of light.
From equation (4), we learn that there is a threshold value of β below which no radiation
is emitted coherently w.r.t. the particle position. For a high speed particle i.e. β ≡ 1, there
is maximum angle of emission, the Cherenkov angle[17] with
θmax = cos
−1
( 1
n
)
(5)
By detecting the Cherenkov light, in form of a cone, in a large detector with an array of
PMTs, the light cone is mapped into a characteristic ring(Figure 4). The ring with clean and
sharp outer edge is a muon-ring whereas the fuzzy ring produced by scattering of electrons
corresponds to electron neutrino. The identification of tau neutrino(ντ ) is more difficult
due to the short lifetime of the associated lepton. However, Super-K detected events of
tau neutrino(ντ ) using the fact that the τ -lepton decays often produce fast pions in the
detector[18]. From the ring, the properties of the incoming particle can be understood
6b
FIGURE 4: Rings of Cherenkov light detected in 1998 by Super-K, reconstructed as:
(a) muon rings(sharp) with momentum of 604 MeV,
(b) electron rings(fuzzy) with momentum of 492 MeV.
Images are taken from www.ps.uci.edu/~tomba/sk/tscan/compare_mu_e/
precisely. The axis of the cone determines the direction of the particle, and the color
of the light gives the particle energy. The events in the Figures 4(a) and 4(b), recorded
in 1998 in the Super-Kamiokande(SK) experiment, were reconstructed as a muon with
momentum of 603 MeV and as an electron with momentum of 492 MeV, respectively. A
large number of neutrino experiments employ the Cherenkov detection technique and some
of them are SNO, Super-Kamiokande, B-DUNT, ICARUS, IceCube, Kamiokande, KM3NeT,
MiniBooNE, NEVOD, T2K and UNO. For more details of these experiments, see [19–27].
2.3. Scintillation Technique
There are certain organic and inorganic materials which emit light flashes when charged
particle, x-rays or gamma rays pass through them. These materials are called scintillators.
The organic materials are in the form of plastic or liquid and some aromatic polycyclic
hydrocarbons, containing one or more benzene ring(s) C6H6[28]. The second kind is the
family of alkali halide crystals[15, 29].
The organic materials have the following characteristics:
fast time response,(i) limited emitted light,(ii)
suited for beta spectroscopy,(iii) fast neutron detection.(iv)
The inorganic materials have the following characteristics:
longer time response,(i) better light yield,(ii)
suited for gamma spectroscopy,(iii) linearity.(iv)
If a charged particle, a gamma ray or an x-ray is incident on the scintillator, it interacts
with matter in three ways:
7FIGURE 5: Schematic diagrams of Photo-multiplier Tubes. The right image shows a
circular-cage type PMT[30].
photoelectric effect,(i) comptom effect,(ii) pair production.(iii)
In each of these effects, electrons of different energy ranges are produced by successive in-
teractions and the kinetic energy of the secondary electrons obtained ionizes the scintillator.
The excited states of the scintillator material de-excite to lower states by emission of light
flashes. This emitted light is scintillation.
The scintillator is optically coupled to a PMT(Figure 5). A certain amount of emitted light
falls on the photocathode of the PMT producing photo-electrons. The photo-electrons are
then accelerated by the electric field to the first dynode producing a bunch of secondary
electrons. The electrons are again accelerated to the next dynodes until the electrons reach
the anode with a gain of 107 − 108. Thus, the initial ionizing radiation gives a burst of
electrons at the anode where an electrical pulse is taken out for further analysis.
The scintillator detectors are most ideal for reactor neutrinos with energy range between
3 MeV and 8 MeV. Some of the experiments like Borexino, CLEAN, Daya Bay, Chooz,
Double Chooz, KamLAND, LENS, MINERνA, MINOS, MINOS+, MOON, NOνA, RENO
SciBooNE, SNO+, SoLiD, STEREO, JUNO, Braidwood, KASKA and Angra have the scin-
tillation technique undertaken for study of neutrinos. The detector specifications of the
above experiments will be found in the references [31–48].
2.4. Iron Calorimeter (ICAL)
In this technique, neutrinos from all directions interact with the iron nucleons inside
the iron calorimeter by the Neutral-Current (NC) and Charged-Current (CC) interaction
channels. In NC interaction, hadrons are generated through exchange of Z-particles. Here,
mainly pions are produced, thereby creating the events hit by hadrons only. The reaction
involved in the process is:
νµ +
56
26 Fe30 → νµ +X, X=hadrons (6)
In CC interaction, neutrinos interact weakly through the exchange of a W+ or W− boson
to form charged particles. In this process, events consist of both muon and hadron hits.
The reactions for this process are:
νµ + Fe30 → µ− +X, (7)
ν¯µ + Fe30 → µ+ +X, X=hadrons (8)
8Apart from NC and CC interactions, low energy neutrinos undergo quasi-elastic scattering
and the events are dominated by muon tracks over low energy hadrons. INO and the
MINOS experiment use the technique of iron calorimeters to detect neutrinos. Some other
experiments which take the advantage of this technique include NEMO-3 and SuperNEMO.
2.5. Liquid Argon Time Projection Chamber (LArTPC)
D. Nyrgen[50], in 1974, introduced an idea of Time Projection Chamber(TPC) where the
electron image of an event occuring in a noble gas is drifted towards a collecting multi-
electrode array. A three dimensional image (x, y, z) of the event is then reconstructed from
the (x, y) information and the drift time t. In 1977, C. Rubbia[51] extended the concept to
liquefied noble gas, considering Argon, naming it as Liquid Argon Time Projection Chamber
(LAr-TPC). LAr has the following properties which make it an ideal target for neutrino
detection:
• It is dense (1.4gcc−1).
• It doesn’t attach electrons and permits long drift times.
• It has high electron mobility.
• It is cheap, easy to obtain and to purify.
• It is inert and hence, it can be liquefied with liquid nitrogen.
The ionization and the drift processes of electrons are the characteristics of LArTPC. The
energy required to produce an ion pair in LAr is 23.6 ± 0.5eV [52]. In high density liquid,
a certain number of ionized electrons recombine with the positive ions. Therefore, an ap-
propriate electric field is applied to separate them quickly[53]. As a result, the electrons
are drifted towards a plane of strips. LAr purity is important for detector imaging capabil-
ity and correct estimation of the energy deposition from the ionization charge signal. The
drifting electrons can be easily captured by electronegative impurities, mainly O2, H2O and
CO2. The attachment co-efficient for oxygen is a rapidly decreasing function of electron
energy. Therefore, attachment of electrons to oxygen or other impurities can be reduced by
increasing the electric field[51].
Experiments like ICARUS and MicroBooNE used this technique for neutrino detection. The
next generation experiments which are proposed to use LAr are DUNE[54] and LBNO[55].
The reaction engaged in these detectors is:
νx + e
− −→ νx + e− via electron scattering interactions (9)
3. NEUTRINO EXPERIMENTS: A CHRONOLOGICAL ORDER
3.1. Past experiments
3.1.1. Sudbury Neutrino Observatory(SNO) (Solar experiment)
Location: Creighton Mine, Ontario,
Canada
(i) Period: 1999-2006(ii)
Type: νx, x=e, µ, τ(iii) Detection Technique: Cherenkov(iv)
9FIGURE 6: Neutrino interaction with the deuterium nucleus in the SNO experiment in
three different ways: (i) Charge Current(CC) interaction(from left) sensible to electron
neutrinos(νe), (ii) Neutral Current(NC) interaction sensible to all the three
flavours(νe, νµ, ντ ), and (iii) Electron Scattering (EC), dominated by electron
neutrinos(νe). Images are taken from http://www.hep.upenn.edu/.
SNO is a 2100m deep underground detector[15] which consists of 1000 tonnes of ultrapure
heavy water D2O (99.917%
2H by mass) contained in a 12m diameter, 5.6cm thick transpar-
ent acrylic vessel. The detection medium is studied by 9438 sensitive photomultiplier tubes
(PMTs) on an 18m diameter support structure. The aim of the experiment is to detect
electron neutrinos coming from the core of the Sun through their interactions with the large
tank of heavy water. The reactions[56] involved in detection of neutrinos(Figure 6) are:
a. Charged-Current (CC):
νe + d −→ p+ p+ e− − 1.44MeV
When an incoming neutrino is absorbed by the neutron of each deuterium, the neutron emits
an electron and becomes a proton. Then, this emitted electron moves through the heavy
water (D2O) with a velocity faster than the local speed of light and creates a shock wave
in the medium which is detectable as a cone of Cherenkov light. The reaction is sensitive
to electron neutrinos only and produces an electron that creates a cone of light observable
with an array of PMTs.
b. Neutral-Current (NC):
νx + d −→ p+ n+ νx − 2.2MeV x=e,µ,τ
In the second reaction, each deuteron is split into its constituent parts of proton and neutron
when a neutrino is incident on it. In this process, no new charged particle is created and
is equally sensitive to all flavours of neutrino. The free neutron, after scattering off of the
deuterium nuclei in the heavy water, is eventually captured by another deuteron; creating
a tritium nucleus and releasing a high energy gamma-ray. This gamma ray, then, scatters
a secondary electron in the heavy water and it is this secondary electron which creates the
Cherenkov light detected by the PMTs.
c. Electron-Scattering (EC):
νx + e
− −→ νx + e− x=e,µ,τ
The third reaction is mostly sensitive to electron neutrino by a factor of 6 compared to the
other two flavours. It produces an energetic electron that is peaked in the forward direction
relative to the incident neutrino and so, can be distinguished from the other two reactions
w.r.t. the direction from the sun[57].
SNO is able to limit the lifetime of nucleon decay of invisible modes (such as n → 3ν)
to > 2 × 1029 years. In May 2002, SNO data for solar neutrinos shows that νe from 8B
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decay in the solar core, change their flavour to either muon or tau neutrinos in their way to
earth[22]. This process of conversion of flavors of neutrinos from one type to another, called
neutrino oscillations, requires the neutrinos to have mass. This result led to the award of
2015 Nobel Prize in physics to Prof. Arthur B. McDonald of SNO along with Prof. Takaki
Kajita of Super-Kamiokande collaboration.
3.1.2. Kamioka Nucleon Decay Experiment (Kamiokande) (atmospheric, astrophysical)
Location: Kamioka Japan(i) Period: 1986-’95(ii)
Type: νe(iii) Detection Technique: Cherenkov(iv)
The Kamiokande experiment was constructed with the aim to search for the proton decay,
atmospheric and astrophysical neutrinos.
Kamioka was made up of a cylindrical tank of total volume 4.5 ktons, filled with pure
ordinary water H2O. A total of 980 inward looking PMTs are used to study the inner
volume of 2.14 kton to detect the Cherenkov light produced by the particle traversing the
water[58].
Kamiokande observed 11 events of thermal neutrinos in February 1987 produced by the
supernova 1987A that took place about 1.6 × 105 light years away in the large Magellanic
Cloud[59]. This event gave rise to a new branch in modern physics known as Neutrino
Astronomy . The first ever detection of astrophyical neutrinos provided Masatoshi Koshiba
with the Nobel prize in 2002 along with Raymond Davis Jr. and Riccardo Giacconi.
3.1.3. KEK to Kamioka (K2K) (Accelerator-based expt.)
Location: KEK→Kamioka, Japan(i) Period: June, 1999-Nov, 2004(ii)
Type: νµ(iii) Detection Technique: Cherenkov(iv)
K2K is the first accelerator-based neutrino experiment where a neutrino beam produced at
KEK, the Japanese High Energy accelerator laboratory in Tsukuba, Japan is directed to
the Super-Kamiokande detector, the successor of Kamiokande located in the Kamioka mine,
250km apart from the accelerator.
The main objective of the experiment was to study the neutrino oscillation through in-
teraction with matter. In 2004, the K2K experiment observed the osillation of νµ to ντ .
K2K experiment confirmed that neutrino oscillation also occur in neutrino beam apart from
atmospheric neutrinos.
3.1.4. Main Injector Neutrino Oscillation Search (MINOS) (Accelerator-based expt.)
Location: Fermilab→Soudan mine,
USA
(i) Period: 2005-2012(ii)
Type: νe,νµ(iii) Detection Technique: Scintillator,
ICAL
(iv)
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The aim of MINOS is the precision measurement of oscillation parameters, primarily, the
atmospheric mass splitting parameter |∆m232|, the corresponding mixing angle θ23 and also
the reactor mixing angle θ13. It also aims at precise measurements of the corresponding
anti-neutrino parameters.
The MINOS experiment[38] used protons from the FermiLab Main Injector accelerator to
hit a graphite target(NuMI) producing an intense beam of neutrinos of 350kW. The beam
is studied in the near detector at FermiLab, Illinois and a far detector at Soudan, Minnesota
located 735 km apart. The MINOS detectors are sampling calorimeters with iron absorbers
and plastic scintillation strips. A magnetic field of 1.4T is used to energize the iron. The
total masses of the far detector and the near detector are 5.4ktons and 0.98kton respectively.
The near detector(ND) is 1.04 km from the source. ND measures the energy spectra of the
neutrinos before oscillation.
The muon neutrinos (anti-neutrinos) interact through the charged-current (CC) process–
νµ(ν¯µ) +X −→ µ−(µ+) +X ′
The flavour independent reaction is the Neutral-Current (NC) interaction given by–
νx +X −→ νx +X ′ x=e,µ,τ
And, the electron neutrino undergo Electron-scattering interaction through–
νe +X −→ e− +X ′
here, X is the target nucleus where a particular flavor incident and X
′
is the product nu-
cleus. The electron gives rise to an electromagnetic shower, which produces a much denser
and compact shower of energy deposits.
In 2008[60], MINOS released a result of neutrino oscillations in the muon neutrino disap-
pearance mode, using data samples from 3.36×1020 protons-on-target(POT) from the NuMI
beamline. The atmospheric mass splitting term and the mixing angle are obtained as:
|∆m232| = 2.43± 0.13× 10−3eV 2 (68% confidence limit)
sin2(2θ) > 0.90 (90% confidence limit)
The above results were updated in 2011 with more than double the data from 7.25 × 1020
POT and improved analysis methodology. The measurement of the value of the atmospheric
mass splitting was found to be |∆m232| = 2.32+0.12−0.09 × 10−3eV 2 and the mixing angle as
sin2(2θ) > 0.90 at 90% confidence limit[61]. This was the then most precise measurement
of this mass splitting by any experiments.
3.1.5. MINOS+ (Accelerator-based experiment)
The MINOS experiment[62, 63] after its operation till 2012 was transitioned to MINOS+
with an extension of 3 years, starting data acquisition from September 2013. The MINOS+
experiment operated with the same detectors and upgraded electronics. The main feature of
MINOS+ that differentiates it from MINOS is the medium energy setting of the NuMI beam
in the 4-10 GeV range which would deliver about 18 × 1020 protons-on-target during the
first three years of operation. Protons with an energy of 120GeV extracted from the Main
Injector NuMI were hit on the graphite target. The hadrons viz. pions and kaons, produced
are focussed by two magnetic horns and directed into the decay pipe. The focussed hadrons
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decay along its path in the 675m long decay pipe and a neutrino beam is produced. The
following processes[64] take place:
pi±(K±) −→ µ± + νµ(ν¯µ) (most dominant)
Secondary decay may take place resulting in νe, given by
µ± −→ e± + νe(ν¯e) + ν¯µ(νµ)
K± −→ e± + νe(ν¯e) + pi0
The neutrino interactions in the MINOS+ detector is similar to that of MINOS detector.
The collection of high statistics neutrino data (more than 10,000 charged current muon
neutrino events and 3,000 neutral current events) would allow the MINOS Far Detector
to put a stringent test for the existence of non-standard neutrino interactions(NSI), sterile
neutrinos and extra dimensions. In the energy range of 4-10GeV, the experiment would
also measure the atmospheric oscillation parameters with precisions higher than that of
MINOS(5% precision), an accuracy of upto 3% for sin2 θ and 2% for ∆m2 combined with
the NuMI Off-Axis νe Appearance(NOνA) experiment[65]. MINOS+ would also provide
contraints of νµ contamination in ν¯µ running of NOνA which will substantial for δCP search.
In a runtime of eight months from Sep 4, 2013-April 24, 2014, MINOS+ analysed the
muon neutrino disappearance and appearance events using data from 1.68 × 1020 protons-
on-target(POT) from the upgraded medium energy NuMI beamline setting[62]. The best
fit values for the atmospheric mass splitting term and the mixing angle are obtained as
|∆m232| = 2.37+0.11−0.07 × 10−3eV 2 and sin2(2θ23) = 0.43+0.19−0.05 for inverted hierarchy[66].
3.1.6. Chooz (Reactor experiment)
Location: Ardennes, France(i) Period: April 1997-July 1998(ii)
Type: ν¯e (disappearance)(iii) Detection Technique: Scintillator(iv)
The Chooz is a long-baseline reactor neutrino oscillation experiment named after the nuclear
power station operated by E´lectricite´ de France (EdF) near the village of Chooz in France.
The detector is located in an undergorund laboratory at a distance of 1 km from the two
pressurised water reactors and with rock overburden of 300 metre water equivalent. The
depth reduces the external cosmic ray muon flux by a factor of ∼300 to 0.4m−2s−1. The
neutrino sources i.e. reactors produces a total thermal output of 8.5GWth, 4.25GWth from
each of the reactors. The detector is in a welded cylindrical steel vessel 5.5m in diameter
and 5.5m deep. The inside walls of the vessel are painted with high reflectivity white paint
and the vessel is placed in a pit of 7m diameter and 7m depth. The steel vessel is further
surrounded by 75 cm of low radioactivity sand and covered by 14cm of cast iron to protect
the detector from the natural radioactivity of the rocks.
The electron anti-neutrino flux emitted by the Chooz reactors depends on the instantaneous
fission rate derived from the thermal power of the reactors and also on anti-electron neutrino
yield from the four main isotopes– 235U , 238U , 239Pu and 241Pu. The electron anti-neutrinos
those hit the detector are studied via the Inverse Beta decay (IBD) reaction given by
ν¯e + p −→ e+ + n with Ee+ = Eν¯e − 1.804MeV
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The target material used in the detector is a hydrogen-rich i.e. free protons paraffinic liquid
scintillator loaded with 0.09% Gadolinium and is contained in an acrylic vessel immersed
in a low energy calorimeter made of unloaded liquid scintillator. Gd is selected due to its
large neutron capture cross-section and high γ-ray release after neutron capture of ∼8MeV.
The detector is composed of three concentric regions[67, 68]:
a. a central 5-ton target in a transparent plexiglass container with 0.09% Gd loaded
scintillator.
b. an intermediate 17-ton region with a thichkness of 70 cm equipped with 192 8”
PMTs to contain the γ-rays from neutron capture.
c. an outer 90-ton optically separated active cosmic ray muon veto shield of thickness
80cm equipped with two rings of 24 8”PMTs.
For a data taking period of April ’97-July ’98, a total of ∼2500 events gave a neutrino
detection rate of 2.5d−1GW−1, the neutrino detection rate to background ratio is 10:1[69].
The ratio of the measured to the calculated (for no-oscillation case) neutrino detection rates
is found to be RmeasRcalc = 1.01±2.8%(stat)+2.7%(syst). The Chooz experiment didn’t observe
an evidence for neutrino oscillations in the ν¯e disappearance channel in the mass region given
by δm2 = 7× 10−4eV 2 for maximal mixing, and sin2 2θ = 0.10 for large δm2[70].
3.1.7. Neutrino Ettore Majorana Observatory (NEMO-3) (Double-beta decay experiment)
Location: Modane Underground Lab,
Fre´jus Road Tunnel, France
(i) Period: Feb, 2003-Jan, 2011(ii)
Type: νe(iii) Detection Technique: Calorimeter(iv)
NEMO-3[71] is a tracking calorimeter hosting several double-beta decaying isotopes in thin
source foils in a cylindrical shape aimed at studying Majorana nature of neutrino. The
experiment is devoted purely to the study of double beta-decay(ββ) processes. It is located
under a rock burden of 4800 metre water equivalent (m.w.e). The decay isotopes used are
6.91 kg of 100Mo, 0.93 kg of 82Se, smaller amounts of 96Zr, 116Cd,130Te and 150Nd and
6.99g of 48Ca. The goal of the experiment was to search for neutrinoless double beta decay
(0νββ) with a half-life sensitivity of 1025 years[72]. The detector is capable of identifying
positrons, alphas and gammas.
Electrons from the decaying isotopes pass through 50cm wide wire chambers on each of the
source foils containing in total 6180 geiger cells operating in a gas mixture comprising He
with 4% ethanol quencher, 1% argon and 0.15% water vapour. Surrounding the tracker,
there is a calorimeter of 1940 plastic scintillators coupled to low radioactivity PMTs. The
equations involved in the detection mechanism are:
100Mo −→ 100Ru+ 2e−
82Se −→ 82Kr + 2e−
NEMO-3 experiment has made the most precise measurements of the neutrino double beta
decay (2νββ) half life for all the seven isotopes[73]. However, after 34.7kg-years exposure,
no evidence for the 0νββ is observed. After considering the statistical and systematic
uncertainities, the result[74, 75] can give a limit to the half-life for the light majorana
neutrino mechanism of
T 0ν1
2
> 1.1× 1024 years at 90% C.L.
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The NEMO-3 experiment also investigated the 48Ca isotope in the 2νββ mode. With an
exposure for 5.25 years, the half-life for the standard model 2νββ mode is measured as
T 2ν1
2
=
[
6.4+0.7−0.6(stat)
+1.2
−0.9(syst.)
]
× 1019 years
and is consistent with previous experimental measurement and has significantly smaller
uncertainities. No signal has been found and the lower limit on half-life[72] has been set as
T 0ν1
2
> 2.0× 1022 years at 90% C.L.
3.1.8. Imaging Cosmic And Rare Underground Signals (ICARUS) (cosmic rays,
accelerator-based)
Location: LNGS, Gran Sasso, Italy(i) Period: summer, 2010-June 2013(ii)
Type: muon and electron neutrinos(iii) Detection Technique: LArTPC(iv)
The ICARUS detector is a single phase Liquid Argon Time Projection Chamber (LAr-TPC)
with an active mass of 476 tons and total mass of 760 tons. It is splitted into two identical,
adjacent modules, each modules having two TPCs with maximum drift path of 1.5m and
sharing a common cathode[76]. The LAr-TPC technique allows to collect two signals: the
ionization electrons at anode wires and scintillation lights by PMTs. A uniform electric
field of 500V cm−1 drifts the ionization electrons with a velocity of ∼ 1.6mm/µs towards
the three anode wire planes 3mm apart. Using the collected signals, a 3D reconstruction
of any ionizing particles crossing the detector can be performed with a spatial resolution of
1mm3.
ICARUS was successfully operated in the LNGS(Laboratori Nazionali del Gran Sasso) un-
derground laboratory in Italy. The experiment studied cosmic rays and CNGS(CERN to
Gran Sasso) neutrino beam from the Super Proton Synchotron(SPS), CERN located at a
distance of 730 km, using the reaction–
40Ar + ν −→40 K + e−
The CNGS run from 2010 to mid 2013 demonstrated LArTPC as a leading technology for
the future short baseline(SBL) and long baseline(LBL) accelerator driven neutrino physics.
The liquid argon purity, an indicator for detector performance, has been achieved with free
electron lifetime exceeding 12 milliseconds which corresponds to only 25 parts per trillion O2-
equivalent contaminations. This opened the way for large future TPC detectors at a scale
of tens of kiloton. ICARUS detected six electron neutrino events, providing no evidence
of oscillation into sterile neutrinos in the LE interval. The ICARUS result combined with
global fit of all other SBL data limits the parameters (∆m2, sin2 2θ) for a possible LSND
anamoly to a very narrow region of (0.5eV 2,' 0.005)[77]. The LSND anomaly and the
sterile neutrino hypothesis will be further addressed by the Fermilab laboratory and the
ICARUS detector will be used as a far detector in this programme[25].
3.2. Present experiments
3.2.1. BORon EXperiment(Borexino) (Solar experiment)
Location: Gran Sasso, Italy(i) Period: May, 2007-present(ii)
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Type: νe(iii) Detection Technique: Liq. Scintillator(iv)
Borexino[15] is a scintillator detector which employs the active detection medium with a mix-
ture of pseudocumene (PC, 1,2,4-trimethylbenzene) and a fluorescent dye 2,5-diphenyloxazole
also known as PPO at a concentration of 1.5g/l. Borexino is based on the principle of graded
shielding in order to keep the radioactivity at a very low level[78]. The experiment was
established with the aim to study the entire spectrum of solar neutrinos from low ener-
gies(Figure 2). The solar fluxes from the pp, pep, hep, 7Be and 8B chains are given in Table
I.
The mass of the scintillator is 278 tons and is contained in a 125µm thick nylon inner ves-
sel(IV) with a radius of 4.25m. A second nylon outer vessel(OV) with radius 5.50m surrounds
the IV and acts as a barrier against 222Rd(Radon) and other background contaminations
(39Ar,85Kr) from outside. Surrounding them, there is a stainless steel sphere(SSS) covered
by 2100 m3 of water tank and supported by 2212 PMTs. The choice of liquid scintillation
is due to the high-light yield of the scintillator which differs by a factor of 50 with respect
to that of C˜erenkov techniques[79].
The neutrino signals observed in the Borexino detector are due to the electrons recoiled in
the elastic scattering given by–
νx + e
− −→ νx + e− x being the three ν-flavors
Hence, the neutrino energy spectrum is the energy spectrum of the electron recoiled from
the elastic scattering. The data has been taking place since May 2007 and in its first year of
Reaction Label Flux (cm−2s−1)
p+ p→2 H + e+ + νe pp 5.95× 1010
p+ e− + p→2 H + νe pep 1.40× 108
3He+ p→4 He+ e+ + νe hep 9.3× 103
7Be+ e− →7 Li+ νe 7Be 4.77× 109
8B →8 Be∗ + e+ + νe 8B 5.05× 106
TABLE I: Production of neutrinos from the fusion reactions in the sun. The total solar
flux at the Earth is 6.5× 1010 neutrinos per cm2 and per second. The pp chain
corresponds > 91%; while the 7Be, pep, and 8B chains correspond to about 7%, 0.2%, and
0.008% of the total flux, respectively[80].
operation, solar neutrino rates from 7Be[81], 8B with a threshold of 2.8MeV and pep flux[82]
gave the unambiguous signature of the occurrance of solar neutrino detection. Evidences of
a null day/night asymmetry in the 7Be region[83] and of the solar neutrino flux seasonal
variation have been reached.
Recently, Borexino made the first real time spectroscopic measurement of the fundamental
pp flux[84]. There has also been evidences about geo-neutrinos obtained at the level of 5.9σ
C.L.[85]. Borexino is still under operation and aims to study neutrino flux from the CNO
cycle and upgrade the precision of the solar neutrino rates already measured[80].
3.2.2. Double Chooz (Reactor Experiment)
The Chooz experiment is upgraded to Double Chooz and is under operation since 2011.
The primary objective of Double Chooz is to improve Chooz sensitivity by a factor of at
least 5 to measure sin2(2θ13), the reactor mixing angle[86].
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The Chooz experiment measured the electron anti-neutrino(ν¯e) rate with a 2.8% statistical
error and a 2.7% systematic error. So, the Double Chooz experiment will employ two almost
identical detectors of medium size, each containing 10.3m3 of liquid scintillator target of 0.1%
Gd, to reduce the large statistical uncertainity. The detector site of the Chooz experiment
which is at about 1 km from the two pressurized water detector will act as the Far Detector
(FD). In order to deduct the systematic uncertainities of the ν¯e flux and spectrum originating
from the reactors, a second detector; called the Near Detector (ND) is installed close to the
nuclear plants at a distance of 409m.
The anti-neutrino from the reactors collides with a proton in the liquid scintillator and
performs via the IBD reaction–
ν¯e + p −→ e+ + n
The Double Chooz, during 460.67 live days of data taking and use of 17,351 ν¯e candidates[87];
the improved θ13 oscillation parameter after the first indication of non-zero value, now,
is found to be sin2(2θ13) = 0.090
+0.032
−0.023[88]. The result, though limited by reactor flux
uncertainity, is expected to improve with the inclusion of data from the second i.e. the
Double Chooz Near detector(ND).
3.2.3. Super Kamiokande(Super-K) (Solar, atmospheric)
Location: Mozumi Mine, Japan(i) Period: May, 2007-present(ii)
Type: νe(iii) Detection Technique: Scintillator(iv)
The Super-Kamiokande experiment is the upgradation of the previous Kamiokande experi-
ment and aims at confirming neutrino oscillation phenomena with source from atmospheric
neutrinos and determining more precisely the neutrino oscillation parameters. Super-K is
a US-Japan joint collaboration. The detector lies under the peak of Mt. Ikenoyama, with
1000m of rock overburden at geographical co-ordinates 36025′32.6′′N and 137018′37.1′′E.
The water C˜erenkov detector consists of a welded stainless steel tank of 39m diameter
and 42m tall with nominal capacity of 50ktons supported by an array of 11,146 50cm-
diameter hemispherical inward-facing and 1885 outward facing 20cm diameter hemispherical
PMTs[24].
Super-K can detect events over a wide range of energy from 4.5MeV to over 1 TeV. The
outer detector is useful for identifying entering cosmic ray muons and measuring exiting
particles produced by neutrino interactions occuring in the inner detector.
The experiment has confirmed the apparent deficit in the total flux from the sun. The ob-
served neutrino spectrum reveals the type of distortion expected from neutrino oscillation
effect. The solar mixing angle as measured by all the four phases of Super-K[89] gives
sin2 θ12 = 0.334
+0.027
−0.023
with the determined mass splitting term to be
∆m221 = 4.8
+1.5
−0.8 × 10−5eV 2
During 2055 days of day/night(D/N) spectrum above 3.5 MeV from the Super-K phase-IV,
from September, 2008 to April, 2015, the signal of 8B solar neutrino flux is obtained as
2.314 ± 0.018(stat) ± 0.039(syst) × 106cm−2s−1. The measured D/N asymmetry, ADN is
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[−3.3± 1.0(stat)± 0.5(syst)]% at 3σ from zero[90]. This result combined with the SK I,II,
III and IV phases provides an indirect interaction for matter enhanced neutrino oscillations
inside the earth. Super-K also searched for proton decay via p −→ e+pi0 and p −→ µ+pi0[91].
No candidates were seen in the p −→ e+pi0 but two candidates have been observed for
p −→ µ+pi0. Lower limits on proton lifetime are set at τB (p −→ e+pi0) > 1.6 × 1034years
and τB (p −→ µ+pi0) > 7.7× 1033years at 90% confidence levels[91].
FIGURE 7: A Schematic diagram of J-PARC, Tokai to Super-K detector, Kamioka.
Images taken from Mishima K, et al. 9th International Workshop on Accelerator
Alignment, September 26-29, 2006
3.2.4. Tokai to Kamioka(T2K) (Accelerator-based experiment)
Location: Tokai→Kamioka, Japan(i) Period: 2011-present(ii)
Type: νe, νµ, ν¯e, ν¯µ(iii) Detection Technique: Water Cherenkov(iv)
Another neutrino baseline was set up after K2K with its detector at Super-K and the
accelerator at Tokai, Japan. The accelerator facility is Japan Proton Accerator Research
Complex(J-PARC). The aim of the experiment is to study neutrino oscillation search among
other flavours i.e. νµ → νe, after successful study of oscillation of muon-neutrino(νµ) to
tau-neutrino(ντ ) by K2K collaboration.
The J-PARC facility produces an artificial beam of νµ from a proton beam(Figure 7). The
detector and the accelerator is separated by 295km. The J-PARC accelerator facility consists
of three accelerators– one linear(LINAC) and two circular accelerators called the Main
Ring and the Rapid Cycling Synchotron (RCS)[92]. In these accelerators, the protons are
accelerated to 99.98% of speed of light and are bent towards Kamioka using super-conducting
magnets.
The T2K collaboration[93], in July 2013, with its off-axis beam with a peak energy of 0.6GeV
measures the oscillation parameters from muon neutrino disappearance(asuming NH ) as:
sin2 θ23 = 0.514± 0.082, |∆m232| = 2.44+0.17−0.15 × 10−3eV 2/c4
In November 2013, the T2K group made the first observation of electron neutrino appearance
in a muon-neutrino beam i.e. (νµ → νe) with a peak energy of 0.6GeV , assuming |∆m232| =
2.4 × 10−3eV 2, δCP = 0, sin2 2θ13 = 0.140+0.038−0.032(0.170+0.045−0.037) is obtained for NH(IH), with
a significance of 7.3σ over the hypothesis of sin2 2θ13 = 0[94]. Since 2014, the T2K has
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been dealing with the anti-neutrino beams instead of the original neutrino beams. In July
2015, the experiment completed its first run of anti-neutrino mode collecting 10% of the
anti-neutrino data set and has observed three ν¯e candidate events in a ν¯µ beam. On 3
rd
January 2017, T2K released its first results in the search for CP violation using appearance
and disappearance channels for neutrino and anti-neutrino modes. The data collected from
Jan 2010 to May 2016 comprise 7.482 × 1020 protons on target (POT) in neutrino mode
and 7.471× 1020 POT in anti-neutrino mode; yielding 32 e-like and 135 µ-like events, and 4
e-like and 66 µ-like events, respectively in the far detector. δCP ranges from -3.13 to -0.39
for normal hierarchy with a 1D confidence interval at 90%. The CP conservation hypothesis
for δCP = 0, pi is excluded at 90% confidence level[95].
3.2.5. IceCube (Atmospheric, astrophysical)
Location: South Pole, Antarctica(i) Period: May, 2011-present(ii)
Type: νe, νµ, ντ(iii) Detection Technique: Cherenkov(Ice)(iv)
FIGURE 8: Layout of the IceCube experiment.
The IceCube experiment[23, 96] aims at studying atmospheric neutrinos and neutrinos of
high energy astrophysical sources like supernovae(SN), active galactic nuclei (AGN), gamma
ray bursts (GRB), etc.
IceCube(Figure 8) is a 1km3 neutrino telescope and covers a wide range of neutrino energy
from 100 GeV to 109 GeV. The detector has 86 strings upto the depth of 2450m below the
surface. Between 1450m and 2450m, there are 60 optical sensors mounted on each string,
excluding the 8 Deep Core strings on which the sensors more densely fit between 1760m
and 2450m. There are 160 Icetop tanks on the surface of the ice directly above the strings
in which 324 optical sensors are deployed. Every sensor has a 25cm PMT connected to a
waveform recording data acquisition circuit capable of recording pulses with precision upto
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nanoseconds.
The updated atmospheric data which uses neutrinos with reconstructed energies from 5.6−
56GeV [97] provides a best fit of paramaters as:
∆m232 = 2.31
+0.11
−0.13 × 10−3eV 2 (Normal Hierarchy)
= −2.32× 10−3eV 2 (Inverted Hierarchy)
and the atmospheric mixing angle to be
sin2 θ23 = 0.51
+0.07
−0.09 (Normal Hierarchy)
= 0.51 (Inverted Hierarchy)
3.2.6. Kamioka Liquid-scintillation Anti-Neutrino Detector (KamLAND) (Reactor)
Location: Kamioka, Japan(i) Period: 2002-present(ii)
Type: ν¯e (disappearance)(iii) Detection Technique: Liquid Scintillator(iv)
KamLAND searches for oscillation of anti-neutrinos emitted from distant power reactors.
It also aims at studying geoneutrinos i.e. ν¯e from the Earth’s interior. It’s estimation of the
radiogenic heat produced inside the Earth agrees with the current Earth models. KamLAND
replaces the site of the earlier Kamiokande experiment under 2700 metre water equivalent
of rock[35]. The neutrino detector is 1 kton of ultrapure liquid scintillation contained in a
13m diameter spherical balloon made of 135µm thick transparent nylon/EVOD (ethylene
vinyl alcohol copolymer) composite film supported by a network of Kelvar. A 1879 PMTs
array– 1325 newly developed fast 17′′ diameter PMTs and 554 older Kamiokande 20′′,
mounted on the vessel completes the inner detector. This vessel is surrounded by a 3.2 kton
water-C˜erenkov detector with 225 20′′ PMTs. The outer detector absorbs gamma rays and
neutrons from surrounding rocks.
KamLAND demonstrated reactor ν¯e disappearance at long baselines at high confidence
level(99.95%) for the first time. It also sets limit on the neutrinoless double beta decay(0νββ)
half life[35] of
T 0ν1
2
> 1.9× 1025 years at 90% confidence level.
3.2.7. NuMI Off-Axis νe Appearance(NOνA) (Accelerator-based)
Location: FermiLab → Ash River, Mi-
nesota, US
(i) Period: 2011-present(ii)
Type: νµ → νe, ν¯µ → ν¯e(iii) Detection Technique: Scintillator,
Calorimeter
(iv)
The NOνA is the upgradation of the MINOS experiment where the power of the Fermi-
Lab accelerator is increased to 700kW. The experiment aims at measuring the transition
probability P (νµ → νe)(or νe-appearance) and survival probability P (νµ → νµ)(or νµ-
disappearance), thereby determining the atmospheric oscillation parameters ∆m232 and θ23,
CP violating phase, δCP and the neutrino mass hierarchy.
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The NOνA[98] project managed by Fermi National Accelerator Laboratory(FNAL) or Fer-
miLab is an off-axis long baseline neutrino experiment aimed downward at an angle of 14
milliradian to the incident beam direction to achieve peak energy of 2GeV. It has two iden-
tical detectors– a near detector at FermiLab of dimension 4.2×4.2×15m3 and a far detector
in Minnesota of dimension 15.6× 15.6× 60m3 to study the oscillation of the muon neutrino
flavor to electrino neutrino type. A neutrino beam produced at FermiLab is sent to the
14kton far detector in Ash river, Minnesota located 810 km away. The near detector is 1
km from the source with a mass of about 300 tons.
The neutrino interaction mechanism is similar to that of MINOS. The NOνA detectors are
huge tracking calorimeter consisting of many PVC cells of 6cm× 4cm filled with mineral oil
liquid scintillator with 5% mixture of pseudocumene.
The results obtained obtained between July 2013 and March 2015 are divided into νµ-
disappearance and νe-appearance results. The νµ-disappearance mode is sensitive to θ23
and ∆m223 measurement. A total of 78 events have been observed in the disappearance
channel with the prediction of 82 events at the best-fit value. 33 events have been detected
in the appearance channel. The obtained results are
∆m232 = 2.52
+0.20
−0.18 × 10−3eV 2
for 0.38 < sin2 θ23 < 0.65 at 68% C.L. for Normal Hierarchy(NH), and
∆m232 = −2.56± 0.19× 10−3eV 2
for 0.37 < sin2 θ23 < 0.64 at 68% C.L. for Inverted Hierarchy(IH).
The analysis od NOνA data slightly disfavours inverted mass heirarchy with ∆χ2 = −0.47
and maximal atmospheric mixing is disfavoured at around 2.6σ. The most recent update
of the oscillation results are announced at the January 2018 JETP talk “Latest Oscillation
Results from NOνA” by A. Radovic[99] where at 8.85×1020 POT(protons on target), NOνA
obtains:
a. For νµ disappearance, ∆m
2
32 = +2.444
+0.079
−0.077 × 10−3eV 2 with Normal Hierarchy
preferred at 0.2σ, and the atmospheric mixing angle to be
sin2 θ23 = 0.558
+0.041
−0.033 (NH)
= 0.475+0.036−0.044 (IH)
b. For νe appearance, inverted Hierarchy at δCP =
pi
2 is disfavored at greater than 3σ.
Further study includes approaching towards 2σ rejection. The reactor mixing angle is also
obtained as sin2 θ13 = 0.082. The experiment is performing with excellent detectors and
beam performance.
3.2.8. Reactor Experiment for Neutrino Oscillation (RENO) (Reactor)
Location: Yonggwang, South Korea(i) Period: Aug, 2011-present(ii)
Type: ν¯e (disappearance)(iii) Detection Technique: Scintillator(iv)
The RENO experiment was set-up to measure the reactor neutrino mixing angle θ13. The
experiment detects electron anti-neutrinos from the six reactors at Hanbit nuclear power
plant located in the west coast of South Korea at Yonggwang, about 400km from Seoul,
producing a total thermal output of 16.4GWhr[100].
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Two identical detectors– a near and a far detectors, each having 16.5 tons of Gadolinium
(Gd) loaded liquid scintillator (LS), are located at 294m and 1383m respectively from the
centre of the reactor array in the opposite direction to each other. The objective of placing
two identical detectors is to minimize the systematic uncertainities arising due to the uncer-
tainities in the number of ν¯e from the sources[101]. Each RENO detector has a cylindrical
shape of 8.8m in height and 8.4m in diameter; consists of a main Inner Detector(ID) and
Outer veto Detector(OD). The ID is in a cylindrical stainless vessel of 5.4m diameter and
5.8m in height which houses two nested cylindrical acrylic vessels[102]. The principle used
in the detection process is the inverse beta decay (IBD) given by:
ν¯e + p→ e+ + n
In 1500 days of data taken between 11th August 2011 and September 2015[103], RENO
observes an excess of ∼ 5MeV in reactor neutrino spectrum. The absolute reactor neutrino
flux is obtained to be R = 0.946± 0.021[103]. Moreover, using these 1500 days of data and
observation of energy dependent disappearance of reactor neutrino, the parameters[103]
obtained are-
sin2 2θ13 = 0.086± 0.006(stat) ± 0.005(sys) with a precision of 9%.
|∆m2ee| = 2.61+0.15−0.16(stat)± 0.09(sys) with a precision of 7%
RENO is expected to take data for ∼ 3500 days in order to improve the precision of θ13 to
6-7% and that of |∆m2ee| to 4-5%[103].
3.2.9. Daya Bay Reactor Neutrino Experiment (Reactor)
Location: Daya bay, China(i) Period: 2011-present(ii)
Type: ν¯e (disappearance)(iii) Detection Technique: Scintillation(iv)
The Daya Bay[105, 106] nuclear power complex is located on the southern coast of China,
approximately 55km to the north-east of Hongkong. The experiment primarily aims at
determining the reactor mixing angle parameter θ13. The layout of the Daya Bay experiment
is depicted in Figure 9.
The anti-neutrinos are generated by six nuclear reactors, producing a total of 2.9GW of
thermal power, deployed in two near underground experimental halls (EHs) with baselines
of 560m and 600m and one far underground EH with baseline of 1640m[104]. There are
three kinds of detectors in every experimental hall– the Anti-neutrino Detectors(ADs), the
water C˜erenkov detectors and the RPC detectors. In total, there are eight 110tons ADs,
3 water pools filled with a total of 4400tons of purified water, and three arrays of RPCs
covering a total of 800m2[33]. Each AD has three nested cylindrical volumes separated by
concentric acrylic vessels. The ouermost vessel is constructed of stainless steel known as
SSV.
In March 2012, Daya Bay collaboration announced the observation of non-zero value of
sin2 θ13 with a significance of 5.2σ[107]. Recently in April 2017, the Daya Bay experiment
measured the rate and energy spectrum of electron antineutrinos emitted by the six reactors.
Combining 217 days of data collected using six antineutrino detectors with 1013 days of
data using eight detectors, a total of 2.5 × 106 electron anti-neutrino inverse beta-decay
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FIGURE 9: Layout of the Daya Bay experiment with eight anti-neutrino detectors(ADs)
divided in three underground experimental halls(EHs) & D1, D2, L1, L2, L3 and L4 are
the nuclear reactors represented by dots in the image[104].
interactions were observed[108]. The oscillation parameters[108] are found to be,
sin2 2θ13 = 0.0841± 0.0027(stat)± 0.0019(syst)
|∆m2ee| = (2.50± 0.06(stat)± 0.06(syst))× 10−3eV 2
∆m232 = (2.45± 0.06(stat)± 0.06(syst))× 10−3eV 2, assuming the normal ordering
= (−2.56± 0.06(stat)± 0.06(syst))× 10−3eV 2, assuming the inverted ordering
3.3. Future experiments
3.3.1. SNO+ (Solar, geo-neutrinos, reactor, astrophysical)
Location: Creighton Mine, Vale, Canada(i) Period: under construction (Feb, 2017 )(ii)
Type: νx, x=e,µ,τ(iii) Detection Technique: Liq. Scintillator(iv)
SNO+, the successor of the 2015 Nobel prize winning SNO Collaboration, is a multi-purpose
large liquid scintillator located at a depth of about 6000 metre water equivalent in SNOLAB.
SNO+[109–111] will reuse the SNO detector holding the Tellurium-loaded liquid scintillator
in a 12m diameter acrylic vessel. Near the target, the scintillator consists of linear alkyl
benzene (LAB) and 2g/L of the flour 2-5 diphenyloxazole(PPO). LAB has good optical
transparency, low scattering and fast decay time. The light emitted by charged particles
passing through the scintilator is detected by ∼9,500 PMTs that view the acrylic vessel.
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The energy and the position of each element are reconstructed from the PMT signal. Also,
new scintillator purification systems have been designed to reach the required U and Th
contamination levels.
The physics goals of SNO+ are the searches for the 0νββ of 130Te. The discovery of such
a rare process will confirm the Majorana nature of this elusive particle and play a key
ingredient in the theory of leptogenesis. The depth of SNOLAB also exposes to measure
low energy solar neutrinos in the pep and CNO regions. The precise measurement of the pep
flux can probe the MSW (Mikheyev, Smirnov and Wolfenstein) effect of neutrino mixing and
the solar metallicity. The large volume and the high radiopurity of the SNO+ experiment
can probe the understanding of heat production mechanism in the Earth by observation
of geo-neutrinos. The study of reactor neutrino from the Bruce, Pickering and Darlington
nuclear generating stations will improve the neutrino oscillation parameters. The experiment
also aims at studying neutrinos from supernovae explosions and the low background allows
search for invisible nucleon decay and axion-like particle search (exotic physics)[112].
The data taking of SNO+ will be divided into three phases[42]:
a. Water phase: The acrylic vessel is fitted with 905 tonnes of pure water and is aimed
at search for exotic physics and supernovae explosions.
b. Scintillator phase without 130Te: The detector will be filled with about 780t of LAB-
PPO liquid scintillator and the goals cover measurement of neutrinos from pep and CNO
regions in SSM, study of geo and reactor anti-neutrino via IBD process.
c. Scintillator with 130Te loaded: This will be the longest phase and expected to last
for 5 years for search of 0νββ-decay of 130Te specifically.
3.3.2. Hyper Kamiokande(Hyper-K) (Solar, atmospheric, astrophysical)
Location: Tochibora Mine, Gifu, Japan(i) Period: ∼ 2025 (expected)(ii)
Type: νx, x=e,µ,τ(iii) Detection Technique: Water Cherenkov(iv)
Hyper Kamiokande[113] is a proposed next generation water Cherenkov detector that is
going to success the present Super-K experiment(Figure 10). It will serve as the detector of
the long baseline neutrino oscillation experiment planned for the upgraded J-PARC.
Hyper-K consists of two cylindrical tanks lying side-by-side, the outer dimensions of each
tank being 48m(W ) × 54m(H) × 250m(L). The total fiducial mass of the detector is 0.99
million metric tons which is about 20-25 times larger than that of Super-K. Hyper-K is
planned to be constructed at about 8km south of Super-K and 295km away from J-PARC
at an underground depth of 1750 m.w.e.(648m). The inner detector design will be viewed
by 99,000 20′′ PMTs[114].
The scope of study in Hyper-K covers high precision measurements of solar neutrinos hav-
ing sensitivity to hep solar neutrinos, observation of supernova burst neutrinos, dark mat-
ter searches and possible flare neutrinos, neutrino mass hierarchy i.e. to select ∆m232 >
0 or ∆m232 < 0 with more than 3σ significance provided sin
2 θ23 < 0.4. The day-night
asymmetry of the solar neutrino flux– concrete evidence of the matter effects on oscilla-
tion could be discovered[115]. The experiment has potential for precision measurements of
neutrino oscillation parameters and reach for CPV in the leptonic sector. The prospects of
geoneutrinos are also mentioned.
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FIGURE 10: A rough sketch of the experiments in Japan
3.3.3. Tokai to Hyper-Kamiokande (T2HK) (Accelerator-based experiment)
Location: J-PARC, Tokai→Hyper-K(i) Period: ∼ 2025 (operation)(ii)
Type: νµ, ν¯µ(iii) Detection Technique: Water Cherenkov(iv)
The T2K collaboration with its far detector at Super-K was successful in observing neutrino
oscillation via νµ to νe appearance with significance over 7σ. Another experiment T2HK
has been proposed as the successor to T2K with the objectives[116] of discovering CP
asymmetry, determination of Mass hierarchy(NH or IH), octant of θ23 from atmospheric
neutrino data with > 3σ C.L. at sin2 θ23 > 0.4 & sin
2 θ23 < 0.46 or sin
2 θ23 > 0.56, and
searches for nucleon decay via p −→ e+pi0 and p −→ ν¯K+.
T2HK is a proposed next-generation long baseline(LBL) accelerator neutrino oscillation
experiment[117], with baseline of 295 km, where the protons beams of energy 30 GeV will
be produced at J-PARC, Tokai and will be sent to the water Cherenkov detector Hyper-K in
the Tochibora Mine(Figure 10). It has the same off-axis angle 2.50 and the baseline length as
of Super-K. The beam power of the J-PARC is expected to be upgraded to 1.3 MW and the
time period of operation of the experiment will be 10 years with 2.5 years in neutrino mode
and 7.5 years in anti-neutrino mode. The differences in the oscillation behaviour between
neutrinos and anti-neutrinos can give an estimate of CP violation.
There is also a plan for T2HKK[118] which includes one detector at Hyper-K at a distance
of 295 km from J-PARC as discussed earlier and the second detector is proposed in the
southern part of the Korean peninsula at a distance of 1100− 1300km from the accelerator
with off-axis angles varying from 10 to 2.50.
3.3.4. Jiangmen Underground Neutrino Observatory(JUNO) (Reactor experiment)
Location: Kaiping, China(i) Period: 2019 (expected to be completed)(ii)
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Type: ν¯e (disappearance)(iii) Detection Technique: Liquid Scintillator(iv)
JUNO[45, 119] is a multi-purpose neutrino oscillation experiment with the objectives to
determine mass hierarchy by precisely measuring the energy spectrum of reactor ν¯e from
the reactors, observe supernova neutrinos, study the atmospheric, solar and geo- neutrinos.
It also aims at improving the precision of ∆m221 and ∆m
2
32 to better than 1% as compared
to that of ∼4% by its predecessor Daya Bay.
The principle of neutrino detection to be used is the Inverse Beta Decay process given by–
ν¯e (from reactors) + p −→ e+ + n
The JUNO detector at Jiangmen, Kaiping is about 53 km from Yangjiang and Taishan nu-
clear power plants, producing a total thermal power of 36GW. The configuration of 20ktons
of liquid scintillator with ∼15,000 20′′ high detection efficiency PMTs(at 1MeV) makes it
the largest liquid scintillation detector ever built. It is planned to locate at a depth of
700m through a tunnel to suppress muon induced background. Also, a 270 m high granite
mountain will shield the cosmic muons. JUNO includes an underground experiment hall,
a water pool, a central detector and muon tracking detector. The water pool will protect
the central detector from natural activity and also serves as a water C˜erenkov detector with
∼1500 20′′ PMTs to track cosmic muons[120]. The experiment is anticipated to take data
from 2020.
3.3.5. RENO-50 (Reactor experiment)
RENO-50[121, 122], the successor of RENO, is a proposed underground detector which
will consist of 18 ktons of ultra-low radioactivity liquid scintillator and 15,000 high quantum
efficiency 20′′ PMTs located beneath Mt. Guemseong at a depth of 450m, 47km away from
Hanbit/Yonggkang nuclear power plant in South Korea. The detector is expected to detect
neutrinos from the nuclear reactors, the Sun and any possible stellar events. The detector
also aims in analyzing ∼5600 events of a neutrino bursts from a supernova in the galaxy,
∼1000 geoneutrino events for 6 years and ∼200 events of νµ from J-PARC neutrino beam
every year. The expected year of operation of RENO-50 is 2021.
The proposed site has the maximum neutrino oscillation due to solar mixing angle θ12. The
goals include determination of neutrino mass ordering and measurement of θ12 and ∆m
2
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with unprecedented accuracy at < 0.5%.
3.3.6. India-based Neutrino Observatory (INO) (Atmospheric experiment)
Location: Theni, TN, India(i) Period: 2018 (construction)(ii)
Type: νµ, ν¯µ (disappearance)(iii) Detection Technique: Magnetised
Iron Calorimeter
(iv)
India-based Neutrino Observatory[49, 123] is a proposed multi-institutional mega science
project to be set up under the Bodi West Hills near Pottipuram village in the Theni District
of Tamil Nadu. INO is surrounded by a rock cover of at least one kilometer which restricts
the background cosmic muons.
The underground laboratory consists of Iron Calorimeters (ICAL) which will have Resistive
Plate Chambers[124] as the main detector elements. The proposed ICAL@INO will have 5.6
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cm thick iron plates and RPCs of area 1.84m×1.84m weighing a total mass of 50ktons. The
29,000 RPCs will be used as active medium for detection[49]. ICAL detectors generally de-
tect muon neutrinos (νµ) only, the INO-ICAL being sensitive to atmospheric νµ in the 1-15
GeV range. It will provide the timing and position information of the particle generated by
interaction of atmospheric neutrinos (anti-neutrinos) with the iron plates. The experiment
will study the neutrinos and anti-neutrinos separately using the 1.5 Tesla strength of mag-
netic field. This will enable to determine the charges of muon(µ−, µ+) particles produced
as a result of the charge-current interactions of νµ and ν¯µ inside the calorimeter[125]. The
reaction involved in the process is
νµ (atmospheric) +
56
26 Fe30 −→ µ− +X(hadrons)
The aims[126] of INO-ICAL include determination of ν-mass hierarchy and deviation of
θ23 from the maximal value. The experiment also has long-term plan of exploring the CP
violation in the leptonic sector using long baseline accelerator neutrinos in its second phase.
3.3.7. Deep Underground Neutrino Experiment (DUNE) (Accelerator-based)
Location: FermiLab→Soudan Lab, US(i) Period: 2017 (construction)(ii)
Type: νµ, νe, ν¯µ, ν¯e(iii) Detection Technique: LAr-TPC(iv)
The DUNE[9, 127] is a long baseline neutrino oscillation experiment that consists of a horn-
produced proton beams of 60-120 GeV, a beam power of ∼1.2MW from FermiLab, Illinois
will be sent to a 40ktons fiducial volume liquid argon time-projection far detector(FD) at a
depth of∼1450m at Sanford Underground Research Facilty (SURF) in South Dakota passing
through a high resolution near detector(ND) at FermiLab. The baseline is ∼1300km and is
ideal to measure the matter effects and the CP violations simultaneously.
DUNE[54] aims at probing the following fundamental problems:
1. precision measurements of the parameters that govern the neutrino oscillation νµ →
νe(νe appearance) and ν¯µ → ν¯e(ν¯e appearance), thereby–
• contributing to the CP violating phase. δCP 6= 0, pi will correspond to the dis-
covery of CPV in the leptonic sector. Further, presence of matter-antimatter
asymmetry can be explained.
• determining the neutrino mass hierarchy (whether normal or inverted? ) by con-
firming the sign of ∆m231 = m
2
3 −m21.
• determining the octant of atmospheric mixing angle θ23 i.e. whether θ23 < 450
or θ23 > 45
0?
2. search for proton decay, providing a path to Grand Unified Theory (GUT).
3. detection and measurement of the νe-flux from a core-collapse supernovae within our
galaxy, if any occurs in the operation period of the DUNE project.
27
FIGURE 11: The axes represents the energy ranges and baselines of the existing and
proposed neutrino oscillation experiments. The dashed diagonal line indicates the
oscillation scale L set by solar mass-squared difference ∆m221 and the dotted-dashed are
those set by atmospheric mass-squared difference ∆m232. . The vertical line at 3.5 GeV
represents the threshold for tau-lepton production in ντ -CC events. The bars above the
plot-box indicate the energy ranges covered by the KM3NeT-ORCA & ARCA
detectors.[128, p.9]
3.3.8. SuperNEMO (Neutrinoless double beta decay experiment)
Location: LSM, Fre´jus Road Tunnel,
France
(i) Period: 2017 (final stage)(ii)
Type: νe(iii) Detection Technique: Calorimeter(iv)
SuperNEMO[129] is the successor to the NEMO-3 experiment and the detector replaces the
NEMO-3 in the Modane Underground Laboratory(LSM). It develops the strategy proven by
the NEMO-3 experiment of a tracker, calorimeter and seven double-beta decaying isotopes.
NEMO-3 produced the best measurements of 2νββ for all the 7 isotopes but failed to observe
0νββ events in any of them. SuperNEMO will employ 100kg of 82Se isotopes to probe 0νββ
which is a direct indication of leptogenesis. The experiment also has a unique capability
to search for alternative 0νββ decay mechanisms e.g. right-handed currents and Majoron
emission. The increase in the source mass and stringent background requirements fulfillment
gives SuperNEMO a sensitiveness of two orders better than that of NEMO-3[75].
The SuperNEMO detector will consist of 20 modules, each one using 5-10 kg of 82Se in a
4 × 3.7m2 foil sheet. A magnetized tracker volume will occupy the space on both sides of
the foil. The tracker will be made of 113 rows of 9 tracker cells per side. A calorimeter will
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surround the tracker, formed of 520 scintillator blocks coupled to 8′′ Hamamatsu PMTs[130].
The aim of the calorimeter is to measure the energy and time of the β-decay electrons
and other background particles. The tracker will discriminate among electrons, positrons,
gamma and alphas and also measure event kinematics. The reactions involved in the ββ
decay process of the sources are–
82Se −→82 Kr + 2e−
150Nd −→150 Sm+ 2e−
3.3.9. Cubic Kilometer Neutrino Telescope (KM3NeT) (Atmospheric,astrophysical)
Location: Mediterranean Sea(i) Period: 2021 (operation)(ii)
Type: νe, νµ, ντ(iii) Detection Technique: Cherenkov
(Sea)
(iv)
KM3NeT[131] is one of the largest multi-research infrastructure dedicated to neutrinos. It
comprises of two underwater neutrino detectors[132] in the Mediterranean sea:
1. Oscillation Research with Cosmics in the Abyss (ORCA)
2. Astroparticle Research with Cosmics in the Abyss (ARCA)
Both ORCA and ARCA will detect neutrinos through the detection of the Cherenkov light
induced by secondary particles produced from interactions with sea water. They will consists
of several thousands Digital Optical Modules (DOMs)[133], each DOM consisting 31 PMTs
and associated electronics packed in a pressure resistant glass sphere. The DOMS are
arranged in vertical strings called Detection Units (DUs), with 18 DOMS on each DU.
The DUs are again anchored to the seabed and then connected to the shore station using
underwater cable network. Table II shows the spacing between two DOMs and two DUs
and describes an idea of total number of DOMs to be used in the KM3NeT experiment[131].
a. ORCA [134] is optimized for the study of atmospheric neutrino oscillation in the
energy range between 3 GeV and 20 GeV, with the primary goal to determine the neutrino
mass hierarchy[135] considering Mikheyev-Smirnov-Wolfenstein (MSW) effect[136, 137] in
the core, mantle and and crust of the Earth. It has a mass of 8 Mton of water and is located
40 km off-shore Toulon, France at a depth of 2450m below the sea level. It’s large volume
and low energy threshold(∼3GeV) will enable to detect about 5×103 atmospheric neutrinos
per year with muon and electron neutrinos in majority.
Specifications ORCA ARCA
a. The vertical spacing between DOMs: 9m 36m
b. The average horizontal spacing between DUs: 23m 90m
c. Total DUs: 115 230
TABLE II: Specifications of the ORCA and ARCA of KM3NeT.
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b. ARCA [138] is optimized for the purpose of neutrino astronomy in the TeV − PeV
energy range. It is located 100km off-shore Capo Passero, Sicily in Italy at a depth of 3500m
below the sea level. The main objective of ARCA is the detection of high energy neutrinos of
cosmic origins, particularly from sources within the galaxy. The experiment will also probe
how the neutrinos are accelerated to PeV energies. It is complementary to the IceCube
experiment that observes mostly the northern sky. KM3NeT-ARCA will observe mostly
the southern sky by identifying the upward-moving muons. Moreover, the expected angular
resolution is better than 0.3◦ at E > 10TeV which is better than that of the IceCube.
ARCA also includes study of the flavor composition of cosmic neutrino flux, indirect dark
matter searches, searches for exotic particles and Lorentz invariance violation[131].
3.3.10. Protvino to ORCA (P20) (Accelerator-based)
Location: Protvino, Russia→ORCA,
Mediterranean Sea
(i) Period: proposed(ii)
Type: νµ → νe, ν¯µ → ν¯e(iii) Detection Technique: Cherenkov(iv)
P2O[131, 139], a proposed accelerator-based long baseline neutrino experiment, is an ex-
tended project of KM3NeT where a neutrino beam from Russia to the Mediterranean sea of
baseline length 2590 km will be used for a very sensitive probe of leptonic CP violation[140].
The U-70 synchotron[141] in the Protvino accelerator facility, located at a distance of 100km
south of Moscow will accelerate the protons upto 70GeV producing an intense beam of neu-
trinos and anti-neutrinos with energies upto 7GeV. The first oscillation maxima will be at
5 GeV which is close to the matter resonance energy of 4GeV in the Earth’s crust. How-
ever, the upgradation of beam power of the synchotron is necessary for the operation of the
experiment. Currently, the U-70 operates at a time-averaged beam power of 15kW which
can be increased[142] to:
• ≈ 90kW by new ion injection scheme and optimization of the accelerator cycle from
9s to ≈ 4.5s.
• 450kW by a chain of new booster accelerators.
Other necessary requirements are the construction of a neutrino beam line for a focussed
beam in the direction of ORCA and a near detector (ND) to accurately monitor the neu-
trino beam intensity, energy spectrum and flavor composition before oscillations take place.
The sensitivity of the experiment to the unknown mass hierarchy and leptonic CPV is sum-
marised in Table III. A beam power of 90kW will produce 3000 neutrino events every year
in ORCA in contrast to only 1000 such events with 1MW beam, 40kton LArTPC detector
and baseline of 1300km of DUNE. Also, DUNE is expected to reach 3σ sensitivity to CP
violation using 15 years of operation with the beam[54]. Thus, P2O will be competitive to
DUNE even when using the low intensity beam i.e. 90 kW.
Parameters Sensitivity Running Time (in years)
Mass Hierarchy 5-10σ 1 year(450kW), 5 years(90kW)
CP violation 2-3σ 3 years(450kW), 5 years(90kW)
TABLE III: Sentivity of the P2O experiment to mass hierarchy and CP violation.
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3.3.11. Long Baseline Neutrino Observatory (LBNO) (Accelerator-based)
Location: CERN→Pyha¨salmi, Finland(i) Period: prototypes under construction(ii)
Type: νµ → νe, ν¯µ → ν¯e, νµ → ντ ,
ν¯µ → ν¯τ , νµ and ν¯µ disappearances.
(iii) Detection Technique: LAr-TPC, ICAL(iv)
LBNO[143] is a proposed next-generation long baseline neutrino and anti-neutrino oscilla-
tion experiment. A wide-band neutrino beam will be observed at a distance of 2300 km from
the Super Proton Synchotron (SPS), CERN of 750kW power with a high-pressure argon gas
time projection chamber as the near detector[144]. The far site of LBNO would consist of
a deep underground laboratory hosting a 35 kilotons magnetised iron calorimeter (MIND)
and the Giant Liquid Argon Charge Imaging ExpeRiment (GLACIER)[145], with a mass
of 20ktons for the first phase and extendable to 100ktons for the second phase of operation.
With 5 years of operation, the first phase of LBNO has the potential to determine unambigu-
ously the mass hierarchy to more than 5σ confidence limit over the whole phase space. The
experiment can also give evidence for CP violation at a significance of 3σ by exploiting the
L
E dependence of νµ → νe and ν¯µ → ν¯e appearance probabilities over their first and second
oscillation maxima, distinguishing effects arising from δCP and matter[146]. The neutrino
beam can be changed into anti-neutrino beam by changing the polarity of the magnetised
horns.
• The νµ → νµ and ν¯µ → ν¯µ disappearance channels would determine the atmospheric
parameters.
• The νµ → ντ and ν¯µ → ν¯τ appearance channels will also be studied in an unprece-
dented precesion.
LBNO would also provide complementary studies of the three active flavor transitions charge
current(CC) events over a wide range of neutrino energies from sub-GeV to multi-GeV and
can also probe the active-sterile transitions ny measuring neutral current(NC) events. The
experiment will also search for proton decay. It is expected that after 10 years of exposure,
the sensitivity of the proton lifetime will reach τp ≥ 2 × 1034years at 90% C.L. in the
p→ Kν¯ channel. The p→ e+pi0 and p→ µ+pi0 channels may also be investigated. LBNO
also can measure 5600 atmospheric neutrino events every year and detect unknown source
of astrophysical neutrinos like that from the annihilation processes of WIMP particles. The
neutrino burst from a galactic supernovae(SN) would also be observed during operation
with high statistics in the electron neutrino channel, providing valuable information about
the inner mechanism of the supernovae[147].
3.3.12. Precision IceCube Next Generation Upgrade (PINGU) (Atmospheric)
Location: Amundson-Scott Station,
South Pole, Antarctica
(i) Period: 2021 (operation)(ii)
Type: νe, νµ, ντ(iii) Detection Technique: Ice Cherenkov(iv)
PINGU[128] is a 6 Mton Cherenkov detector and is the upgradation of the existing IceCube
detector based on a configuration of 40 additional strings, each mounting 96 Digital Optical
Modules (DOMs). The detector will follow the model of Deep Core extension and will be
located at the centre of the IceCube strings(Figure 12). The primary goal of PINGU is the
study of neutrino oscillations using atmospheric neutrino flux. The experiment aims at–
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FIGURE 12: The image shows the top view of PINGU detectors within the IceCube
DeepCore detector. The inset at right has:
(a) Black circles indicating the IceCube strings, on a 125 m hexagonal grid,
(b) Blue squares indicate the existing DeepCore strings, and
(c) Red crosses show proposed PINGU string locations.
PINGU modules would be deployed at the bottom of the detector with vertical spacing
several times denser than DeepCore(see the depth-absorption length plot)[128, p.7].
1. determining the neutrino mass hierarchy[148, 149] at 3σ median significance within 5
years of operation and also aims at breaking the octant degeneracy of the atmospheric
mixing angle θ23[150, 151].
2. high precision measurement of the rate of ντ appearance which will test the unitarity
of 3× 3 PMNS neutrino mixing matrix.
3. improving the sensitivity of searches for low mass dark matter in the Sun.
4. using neutrino tomography[152] to directly probe the compostion of the Earth’s core.
5. improving the IceCube’s sensitivity to neutrinos from galactic supernovae.
The experiment has the potential to detect 3000 charge-current ντ appearances every year
compared to 180 such interactions observed in 2,806 days of Super-K data[18]. Due to its
neutrino path length through the Earth ranging upto 12,700 km, PINGU has an added
advantage over the existing and the proposed long-baseline neutrino beam experiments i.e.
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TABLE IV: The neutrino oscillation parameters, according to two different global fits-
Global Fit 1[155] & Global Fit 2[156].
Global Fit 1 Parametersa Mass Ordering Best Fit 3σ
∆m221(×10−5eV 2) NH,IH 7.56 7.05-8.14
θ12(
o) NH,IH 34.5 31.5-38.0
|∆m23n|(×10−3eV 2) NH 2.55 2.43-2.67
IH 2.49 2.37-2.61
θ23(
o) NH 41.0 38.3-52.8
IH 50.5 38.5-53.0
θ13(
o) NH 8.44 7.9-8.9
IH 8.41 7.9-8.9
σ(pi) NH 1.40 0.00-2.00
IH 1.44 0.00-0.17 & 0.79-2.00
σ(o) NH 252 0-360
IH 259 0-31 & 142-360
Global Fit 2 ∆m221(×10−5eV 2) NH,IH 7.37 6.93-7.96
sin2 θ12(×10−1) NH,IH 2.97 2.50-3.54
|∆m23n|(×10−3eV 2) NH 2.525 2.411-2.646
IH 2.505 2.390-2.624
sin2 θ23(×10−1) NH 4.25 3.81-6.15
IH 5.89 3.84-6.36
sin2 θ13(×10−2) NH 2.15 1.90-2.40
IH 2.16 1.90-2.42
σ(pi) NH 1.38 0-0.17 & 0.76-2
IH 1.31 0.00-0.15 & 0.69-2.00
σ(o) NH 248 0-31 & 137-360
IH 236 0-27 & 124-360
a ∆m23n ≡ ∆m231 > 0, for Normal Hierarchy, ∆m231 being the reactor mass squared difference.
∆m23n ≡ ∆m232 < 0, for Inverted Hierarchy, ∆m232 being the atmospheric mass squared difference.
the experiment can observe the oscillation phenomena at energies and baselines an order
of magnitude larger than those of LBNEs. Refer Figure 11 for illustration. For example,
the matter effects at the energies and baselines of NOνA and T2K experiments are rela-
tively weak[153]. So, the sensitivity to θ23 depends considerably on the CPV parameter
δCP [154]. However, due its longer baseline length, δCP has little impact on PINGU ob-
servation. By comparing the νµ survival and transition(→ νe) probabilities for neutrinos
and anti-neutrinos passing through the Earth’s core and mantle and observing the resonant
matter effect will help to break the octant degeneracy[128].
4. CURRENT STATUS OF NEUTRINO
4.1. UPDATES OF KNOWN AND UNKNOWN OSCILLATION PARAMETERS
Global fit 1(Table IV) doesn’t include the updated results of Super-Kamiokande phase
IV[155] whereas global Fit 2 does[156]. In the global fit 1, there is no significant variations
in the solar neutrino oscillation parameters(Figure 13). Global Fit 1(Table IV) includes
the recent atmospheric data from ANTARES and IceCube DeepCore, the long-baseline data
from T2K, MINOS and NoνA, and the reactor experiments data include from Daya Bay,
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FIGURE 13: Global Fit of Atmospheric oscillation parameters with 90, 95 and 99% C.L.
The star represents the best fit value from the global analysis[155].
FIGURE 14: The data representations of the individual reactor neutrino experiments
Daya Bay, RENO and Double Chooz and of the combination of the three experiments at
the sin2θ13 −∆m231 plane for the allowed regions of 90 and 99% C.L.[155]
Double Chooz and RENO; mostly dominated by Daya Bay(Figure 14) when compared to the
global result[155]. However, none of the papers include the updated results of atmospheric
data from IceCube[97] and NOνA as announced in the January 2018 JETP talk ”Latest
Oscillation Results from NOvA” by A. Radovic[99].
The “well-measured” four oscillation parameters are ∆m221, |∆m23n|, θ12 and θ13, those are
measured to an appreciated accuracy upto a few % level; θ13 is measured to 6% level, the
θ23 is affected by an octant ambiguity and measured less accurately at the level of 9.6%.
The remaining unknowns are the sign of ∆m23n and the CP violating phase δ. The values
of the above parameters guide us to the Mass Hierarchy problem and also set the lower
bounds for the absolute neutrino masses. However, the upper bounds can be set only by
non-oscillation experiments. The current upper bound for the sum of the mass states with
the cosmological results in combination with the oscillation results is
∑3
i=1mi = 0.17eV at
95% C.L. with 0.01eV of systematic uncertainities[157].
Long base-line neutrino oscillation data play an important role in determining the mass
ordering and CP violating phase δ. The current global sensitivity to the CP phase value
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is dominated by the T2K experiment(Figure 15), rejecting the δ = pi2 after combining with
the other experiments. The results will be more prominent with the operation of DUNE
and LBNO which will study matter effects through earth more precisely. For NH, δ = pi2
FIGURE 15: ∆χ2 observation as a function of δCP from T2K and the global fit[155]. The
left (right) ones correspond to the normal (inverted) mass hierarchy.
is disfavoured at 2.7σ and even stronger for IH at 3.7σ w.r.t. the global minimum in the IO
and 4σ w.r.t. the absolute minimum in the NO. It is observed that the current preferred
value is δ ∼ 3pi2 for both NO & IO[155].
The long-baseline data alone indicates non-maximal mixing for θ23 (< 45
o, in the first
atmospheric octant). After combining with the reactor data, slight deviation of θ23 to the
second octant is favoured in case of IH(Figures 16 and 17). The new results from IceCube and
NOνA may affect the global analysis considerably. The global 3ν oscillation analyses prefer
for NO to ∼ 2σ sensitivity supported by atmospheric data (excluding IceCube DeepCore
and ANTARES data), accelarator data and constraints from reactor data.
4.2. LIMITS ON ABSOLUTE NEUTRINO MASSES
The absolute neutrino masses is still unknown within the statndard three-neutrino frame-
work. We shall discuss the implications of the oscillation results[156] on the three observables
sensitive to the absolute mass scale: (i) the effective νe mass mβ probed by beta decay; (ii)
the sum of ν masses Σ in cosmology, and (iii) the effective neutrino mass mββ in neutrino-
less double beta decay (0νββ), if neutrinos are Majorana fermions.
The lower bounds on the absolute neutrino mass can be set by considering the oscillation
data of the Global Fit 2(Table IV)[156], assuming the lightest mi to be zero. Hence, from
equation 2, we get
(m1,m2,m3) ≥

(
0,
√
∆m221,
√
|∆m231|+ ∆m
2
21
2
)
(NH),
(√
|∆m232| − ∆m
2
21
2 ,
√
|∆m232|+ ∆m
2
21
2 , 0
)
(IH).
(10)
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FIGURE 16: 90 and 99% C.L. allowed regions at the ∆m231 − sin2θ23 and ∆m231 − sin2θ13
planes from the global fit of all the oscillation experiments[155].Upper: normal mass
hierarchy. Lower: inverted mass hierarchy. The star represents the best fit value and the
black dot shows the local minimum obtained for inverted ordering.
whereas the upper bounds can be set by non-oscillaion neutrino experiments like NEMO[71],
SuperNEMO[130], KATRIN[158], KamLAND-Zen[159] and other ββ and 0νββ-decay ex-
periments.
The three observables can be expressed[156, 160] as follows:
a. The observable effective electron neutrino mass mβ from β spectrum is the square
root of the combination of the squared mass states with their respective νe admixture, given
by
mβ =
√∑
i
|Uei|2m2i (11)
b. The 0νββ decay observable is a linear combination of the mi’s associated with the
unknown majorana phases φi, where the Dirac phase φ1 = 0 by convention, given by
mββ =
∣∣∣∑
i
|Uei|2mieiφi
∣∣∣ (12)
c. The precision cosmology is sensitive to the sum of the neutrino mass states, given
by:
3∑
i=1
mi = m1 +m2 +m3 (13)
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FIGURE 17: 90, 95 and 99% C.L. allowed regions at the δCP − sin2θ23 and δCP − sin2θ13
planes from the global fit[155] of all the oscillation experiments. Upper: normal mass
hierarchy. Lower: inverted mass hierarchy. The star and the black dot have the same
meaning as the above graphs.
Taking in consideration the oscillation data in the Global Fit 2(Table IV) and substituting
in equation 8, the lower bounds of the mass states are obtained as:
(m1,m2,m3) ≥
{
(0, 0.86, 5.06) (NH),
(4.97, 5.04, 0) (IH).
(14)
5. SUMMARY
We described different oscillation experiments from past, present to future and mentioned
the importance of upgrading one to the another, for instance Chooz to Double Chooz, K2K
to T2K, then to T2HK; Super-K to Hyper-K, MINOS to NOνA, Daya Bay to JUNO,
NEMO to SuperNEMO, SNO to SNO+, RENO to RENO-50 and IceCube to PINGU. The
next decades will be focussed on solving the Mass Hierarchy problem and the CP violation
phase, particularly in the Long Baseline Neutrino Experiments (LBNEs). The updated θ23
results from IceCube and NOνA shows a near-maximal value and its results from the other
laboratories will affect significantly. The solar oscillation parameters are well established
and non-zero value of θ13 angle upto a precision of ∼6% level is dominated by Daya Bay.
The solar and atmospheric mass-square differences ∆m221 and ∆m
2
31 will be improved by
JUNO in the near future of precision better than 1%. T2K reports its first result for CP
violation search in neutrino oscillations after 6 years of run and rejects the CP conserving
hypothesis for δCP = 0, pi at a significance of 90%. The collaboration of T2K and NOνA
for joint analysis of netrino oscillation data by 2021 will give an upperhand picture in the
determination of Dirac CP violating phase of the active three-neutrino framework and the
mass hierarchy of the three neutrino weak flavour states.
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